The depth distribution of the thermal neutron flux is a major factor in boron neutron capture therapy ͑BNCT͒ in determining the efficiency of cell sterilization. In this paper the fission detector method is developed and applied to measure the in-phantom thermal neutron flux depth distribution. Advantages of the fission detector include small size, direct measurement of thermal neutron flux in a mixed radiation field of BNCT beam, self-calibration, and the possibility of on-line measurement. The measurements were performed at epithermal a BNCT facility. The experimental results were compared with the thermal neutron flux calculated by the Monte Carlo method and found to be in good agreement.
I. INTRODUCTION
In binary radiation therapy, cancer cells are selectively loaded with a nontoxic agent which is activated by a subsequent irradiation. In boron neutron capture therapy ͑BNCT͒, 10 B atoms are selectively delivered to the cancer cells as a boronated compound and then the tumor zone is irradiated by neutrons. Tumor control in BNCT results from an exposure of cancer cells to the products of 10 B(n,␣) 7 Li reaction. Boron-10 captures a thermal neutron and decays releasing an alpha particle and a 7 Li ion. Both reaction products have a short range, high linear energy transfer ͑LET͒ and are efficient in sterilizing a biological cell. The cross-section of this reaction, , depends strongly on the neutron energy. The cross-section has a maximum value for the thermal neutrons and decreases as ϰE Ϫ1/2 with the increasing neutron energy. 1 For achieving the best sterilization, a tumor must be exposed to thermal neutrons. The problem is that thermal neutrons have a low penetration ability in tissue ͑half value layer is less then 2 cm, dependent on field size͒. To deliver a significant fluence of thermal neutrons to a deeper tumor the irradiation has to be performed with an epithermal neutron beam. Epithermal neutrons moderate in tissue producing thermal neutrons at depth. Clinical trials of epithermal BNCT are being conducted at the Brookhaven Medical Research Reactor ͑BMRR͒, Brookhaven National Laboratory ͑BNL͒ in New York, 2 MIT reactor in Cambridge, Massachusetts, 3 and have recently commenced at High Flux Reactor in Petten, the Netherlands. 4 In Japan, thermal neutrons are used to irradiate the tumor bed in intraoperative BNCT of brain tumors. 5 As 10 B is activated by thermal neutrons, the therapeutic effect of the BNCT is partly determined by the thermal neutron flux at the target depth. This makes experimental measurement of thermal neutron flux distribution at depth in a phantom important for dose planning and validation of Monte Carlo calculations. Measurement of the thermal neutron flux in a mixed neutron-gamma field is a complicated and time consuming task. The neutron flux at a BNCT facility is often measured by the foil activation cadmium difference method. 6, 7 Two separate irradiations and postirradiation gamma activity measurements are required. The cadmium difference method utilizes cadmium as an absorber of thermal neutrons. Another method of thermal neutron flux measurement employs a 10 B or 6 Li coated ionization chamber. This method is not an absolute one as it requires calibration in a known radiation field. 8, 9 The use of a 235 U converter and a silicon diode in a current mode for beam monitoring was recently suggested but, to our knowledge, not yet implemented. 10 This method is also not an absolute one. A fission detector provides an alternative method of ther-mal neutron flux measurement which has been used in nuclear reactor applications. 11 A fission detector is an absolute radiation detector for measurement of neutron fluence, requiring a single irradiation without postirradiation measurement of neutron induced activity, and does not require a calibration in a known radiation field. It also offers a possibility of on-line monitoring of thermal neutron flux. In the present paper we report the development and application of a specially designed fission detector for the direct in-phantom measurement of thermal neutron flux distribution in an epithermal BNCT beam. Another aim of this report was to develop and test metal-oxide-semiconductor field effect transistor ͑MOSFET͒ semiconductor detectors for in-phantom measurement of thermal neutron flux and boron response at BNCT facilities.
II. MATERIALS AND METHODS

A. Fission detector
The main part of the fission detector used in this study was a 150-m-thick uranium ͑99.25% 235 U enrichment͒ converter. The converter was deposited on an aluminum foil and was placed in contact on the surface of a small size (3 ϫ3 mm 2 ) ion implanted silicon detector.
235
U has a large thermal neutron capture cross-section, ϭ580 barns for 2200 m/s neutrons. 12 When
U captures a thermal neutron, it fissions with a probability of pϭ85% 13 into one of about 40 modes. A typical nuclear reaction is: Two heavy fragments move in opposite directions and carry a total kinetic energy of 162 MeV. 13 In a pulse height spectrum the high energy fragments are well separated from the low LET gamma background and recoil protons produced by neutron interactions with the phantom material. This separation makes the fission detector efficient for thermal neutron measurements in a mixed radiation field. The fast neutrons which are released in the Alpha particles released in a spontaneous decay of 235 U at an energy of 4.5 MeV were used as an internal energy standard for energy calibration of the detector. The range of these alpha particles in uranium, as calculated by TRIM, 14 is R ␣ ϭ7.37 m. Only an alpha particle originating within the layer of thickness R ␣ , adjacent to the detector has a chance to enter the detector and to be registered. The volume of this layer is R ␣ ϫA, where A is the surface area of the converter. The total number of 235 U atoms in the R ␣ thick layer is N U ϭn U ϫR ␣ ϫA, where n U is the volume concentration of 235 U atoms in the converter. If a spontaneous alpha decay of a uranium atom occurs at the depth x under the surface of the converter (xрR ␣ ), the alpha particle reaches the detector only if it is projected within the cone of solid angle ⍀ ͑Fig.
1͒.
We assume that the angular distribution of alpha particles is uniform. The fraction of alpha particles, which is registered after being emitted from the depth x ͑Fig. 1͒, equals the ratio of part of the surface area of sphere of the radius R ␣ above the converter surface to the total surface area of the sphere
If the number of disintegrations per second within the layer R ␣ is A t then the detector registers N ␣ alpha particles per second, i.e.
The number of uranium atoms in R ␣ thick layer of the uranium converter can be calculated as
where is the half life of 235 U, ϭ7.1ϫ10 8 yr. 13 For calculating the response of the fission detector we assume that in a radiation field of thermalized neutrons the angular distribution of 235 U fission fragments is close to uniform. For simplicity we also assume that all of the fission reactions proceed in single mode ͓Eq. La nuclei produced within R La layer and 87 Br nuclei produced within R Br layer can reach the detector. As for the above alpha particle consideration ͓Fig. 1 and Eq. ͑2͔͒, only one quarter of the fragments produced within the corresponding layers will be registered. Number of 1 . Sketch of the geometry of a decay particle production in the uranium converter of the fission detector ͑below the horizontal plane͒ and particle entering the silicon detector ͑above the plane͒.
Because both of the fragments have a spherically uniform distribution of the velocities, the total flux of fission products registered by the detector equals N f ϭN La ϩN Br . Substituting n U from Eq. ͑3͒, the thermal neutron flux equals
A pair of identical 3ϫ3 mm 2 Si detectors were used with and without the fission converter, each with an energy resolution of 15 keV. The same size silicon detector with 1% 10 B converter was applied for the relative measurement of boron response.
B. MOSFET detector
The method of paired MOSFET detectors was applied 15 for measurement of boron dose enhancement. A MOSFET detector was operated in active mode at gate bias voltage of ϩ5 V. Under this condition the sensitivity of the detector to 6 MV LINAC x-ray was about 5 mV per cGy. One of the two MOSFETs was covered with 1% 10 B converter while the other was not. The radiation dose was measured at the same depth in a phantom by both detectors and the boron dose was obtained by subtraction of the response after normalizing the reading of the bare MOSFET to the 10 B covered one.
C. Phantoms and Monte Carlo calculation
Dosimetric and spectral measurements were performed in a 15ϫ15ϫ15 cm 3 perspex cube phantom. Radiation detectors were placed at different depths from the surface along the cental axis of the perspex phantom.
A Monte Carlo transport code for neutron and photon transport ͑MCNP, version 4a) was applied for computation of the thermal neutron flux along the central axis of the perspex cube phantom. 16 This calculation simulated tracks of individual neutrons and photons from an experimentally validated source plane at the irradiation port of the BMRR epithermal neutron irradiation facility, generated threedimensional thermal neutron flux distribution in the phantom.
D. Neutron therapy irradiation facility
BMRR
17 is a light-water moderated and cooled and graphite reflected research reactor with operating power up to 3 MW. It became operational in 1959 and has both thermal and epithermal neutron irradiation facilities. At the epithermal neutron irradiation facility, 18 current clinical trials are being performed by irradiating patients with the epithermal neutron beam operated at the full power. The very high count rate and consequent high dead time of a silicon detector, make it impossible to conduct spectroscopy measurements at full reactor power. Consequently, reactor power of 20 kW was used for silicon detectors, assuming linearity of beam intensity as a function of reactor power. MOSFET measurements were performed at the full reactor power.
III. RESULTS AND DISCUSSION
235
U spontaneously decays by releasing an alpha particle with an energy of 4.5 MeV. The energy spectrum of alpha particles in the absence of an external radiation field ͑Fig. 2͒ was used for energy calibration of the fission detector and for verifying the calibration during the experimental measurements at the irradiation facilities. Because alpha particle emission originates from different depths in the converter, the alpha particle peak is broadened and shifted to lower energies. The maximum energy corresponds to 4.5 MeV, while the main peak is observed at an energy of ϳ3.9 MeV. The alpha particle count rate was measured to be N ␣ ϭ2.26 counts per second.
The pulse height spectrum of the epithermal neutron beam incident on the perspex phantom was measured by the silicon detector without the 235 U converter ͑Fig. 3͒ at a depth of 1.3 cm, and does not show any counts for deposited energies above 1 MeV. The spectrum in Fig. 3 is typical for all the phantom depths used in the experiments. Since the fission fragments have much greater energies and LET than recoil protons and gamma rays, the fragment pulse height spectrum does not overlap with the spectrum of low energy or low LET radiation present in the radiation field.
Measurements with a fission detector were performed at the depths of 1.3, 3.7, 6.2, and 11 cm in the perspex phantom. A pulse height spectrum of the fission detector exposed to epithermal neutrons exhibits a broad double peak of fission fragments in the energy range up to 90 MeV ͑Fig. 4͒. When the thermal neutron flux decreases with an increase in phantom depth, this double peak becomes lower in intensity FIG. 3. Gamma and recoil proton spectrum at the epithermal neutron irradiation facility at BMMR, reactor power 20 kW. and the alpha particle peak, originating from the spontaneous alpha decay of uranium, becomes more apparent ͓Fig. 4͑b͔͒.
The area under the broad double peak of fission fragments was measured and normalized to the time of measurement. Equation ͑4͒ was applied to calculate the thermal neutron flux at each depth of measurement. Equation ͑4͒ depends on the ratio of ranges of alpha particle and fission fragments, and its ratio is not sensitive to the exact composition of the converter. The ratio equals 0.70 for U and 0.69 for UO 2 . A numerical factor of 150 was applied for conversion of the thermal neutron flux measured at 20 kW to that at 3 MW reactor power. The experimental error of measurements was estimated as 7%.
The thermal neutron flux in the perspex phantom was calculated by MCNP , for neutron energies of up to 1 eV. Above this energy significant resonance structure is observed 19 which increases the cross section from the ϰE Ϫ1/2 dependence, and introduces a systematic error to the fission detector measurements at higher neutron energies. However, the thermalization of the neutrons in a phantom and large thermal neutron fission cross section reduces the impact of this systematic error which does not exceed the total uncertainty of measurements.
Relative data on boron response were obtained by comparison of measurements by 10 B covered silicon detector with the measurements by a bare silicon detector at the same points in the phantom. The relative boron response was in very good agreement with the thermal neutron fluxes mea- sured by the uranium fission detector and calculated by the Monte Carlo code ͓Fig. 5͑b͔͒. This agreement shows that boron capture and uranium fission have the same response to the incident epithermal neutron beam.
The paired MOSFET detector method 15 was used with the BMRR beam for dosimetry of depth distribution of the relative boron dose. MOSFET response was measured at 3 MW reactor power along the central axis of the perspex phantom. The dose was measured at each depth in the phantom by a bare MOSFET sensor and by an identical MOSFET coated by a boron-containing plastic. Readings of the bare MOS-FET were subtracted from the readings of the boron coated MOSFET. The difference between the readings is ascribed to the boron dose enhancement. Results were normalized to the maximum measured dose and are plotted in Fig. 6 . In the mixed epithermal neutron-gamma radiation field, the maximum boron dose enhancement occurs at the depths of 2-4 cm from surface. This is in agreement with the maximum in the depth distribution of thermal neutron flux ͑see Fig. 5͒ .
IV. CONCLUSION
The 235 U converter fission detector was developed and successfully applied for in-phantom measurements of thermal neutron flux distribution for an incident epithermal BNCT. The agreement between fission detector measured and Monte Carlo calculated fluxes was good. Advantages of the uranium converter fission detector are an internal on-line calibration by alpha particles from spontaneous uranium decay; fast measurement which requires a single reactor run; small size of the detector which minimizes radiation field perturbation ͑i.e., smaller than a miniature ionization chamber͒, and the possibility of on-line monitoring of the thermal neutron flux.
A thinner converter should be used, preferably with the thickness of about 1 m, to improve the accuracy of a fission detector. A smaller size silicon detector will also reduce further the perturbation of the radiation field and increase the dose-depth resolution of the detector.
The paired MOSFET detectors, with and without boron cover, was found to successfully measure the relative thermal neutron flux, showing good agreement with the fission detector and Monte Carlo calculations.
